The response of steel containment vessels to the blast loading produced by the detonation of high explosives is investigated by experiments, computations, and analysis. The vessels are thin-wall shell structures that are nearly spherical. All explosive charges are solid spheres, centrally initiated and centrally positioned within the vessels. Most of the work concerns vessels that contain, in addition to the explosive charge, air at ambient or reduced pressures.
I. INTRODUCTION AND SUMMARY
The Los Alamos Scientific Laboratory (LASL) Dynamic Testing Division (M Division) uses a containment system capable of completely confining the products of experiments involving the detonation of high explosives. The system consists of a steel containment vessel, which is typically 1.83 m in diameter with a nominal wall thickness of 25.4 mm or 50,8 mm, mounted inside a much larger steel safety vessel. At present, LASL Group M-2 designs, monitors the fabrication and acceptance testing of, maintains, and, along with Group M-4, uses the containment and safety vessels.
In February 1977, LASL Group M-4 reinstituted its containment vessel program, which had been dormant since 1974. This report presents work accomplished under the reinstituted program, which has been designed to provide support for the explosive containment facility and to complement Group M-2's vessel program. Previous work on containment vessels, performed by both groups, has been reported informally by R. H. Warnes.l The present experimental work primarily involves the testing of small-scale vessels one-fifth the scale of currently used containment vessels. The pressure applied to the vessel wall and the strain in the vessel wall are measured. Most of the current testing involves the evaluation of filler materials that mitigate blast-wave effects. However, because the testing of filler materials is still in progress and definite conclusions about blast-wave mitigation have not been reached, this report summarizes the results of recent work on vessels that contain air at normal or reduced initial pressures as the filler material.
First, the one-dimensional symmetric motion of a thin spherical shell is analyzed, and the maximum strain occurring in the shell wall as a function of the loading-pulse duration is determined. For a given impulse, the maximum strain decreases rapidly when the loading duration exceeds about one-fourth of a natural one-dimensional vibration period. This fact emphasizes one obvious mechanism of blast-wave mitigation: if a filler material temporally spreads the blast wave, a decrease in the maximum strain will result.
By combining the spherical shell equation-of-motion solution with the dimensional analysis method used to develop scaling laws for blast waves, we derive a scaling law for the response of vessels to blast loading. Because the law contains the initial density of the air within the vessel as a parameter, it indicates the vessel-response sensitivity to various degrees of vacuum. If the density of the material within the vessel is held constant, this scaling law reduces to the law developed by T. R. Neal.' These scaling laws suggest that the amount of vessel material required to contain a specified charge depends only slightly upon the vessel radius. Within the range of tested radius-to-wall-thickness ratios (14 S R/h < 28), the amount of vessel material required to contain a specified explosive charge is virtually constant.
The details of the blast loading applied to the vessel wall are analyzed with the aid of onedimensional finite-difference code calculations. Each pressure pulse has a fairly complicated structure caused by shock-wave reflections between the vessel wall and the air-explosive interface. Comparisons between pressure-gauge records and the calculations show good qualitative agreement. By using the calculated pressure pulse in conjunction with the equation describing the one-dimensional motion of a thin spherical shell, we can compute the strain history occurring in a vessel, The computed strain histories agree well with strain-gage measurements during the first half-cycle of motion. The calculated peak strain is about 20% high. The response of the test vessels after about a half-cycle of spherical motion is predominantly two-dimensional (axially symmetric). To analyze the two-dimensional response, the ADINA finite-element code is used. Comparisons between strain-gage records and finite-element calculations show good agreement. The small-scale test vessels used in this program are nearly axially symmetric with relatively large flanges around their equators. For these calculations, the strains occurring at the straingage locations are quite sensitive to the boundary conditions prescribed at the flanges. The flanges cause large axially symmetric perturbations in the initially spherical vessel motion. Calculations and test results show that this perturbation can cause a drastic strain amplification, which is due mostly to bending waves. Thus, a well-designed vessel should avoid this type of perturbation.
Finally, a short study of the effect of a surrounding medium on the response of spherical vessels is conducted. For the case of impulsive loading, the study compares the peak strain occurring in a vessel surrounded by a compressible fluid to the peak strain in a vessel surrounded by a vacuum.
Only the initial peak strain is considered. For water-or sand-surrounded vessels, strain reductions of about 30% or 50%, respectively, appear feasible for the geometry of interest (radius-towall-thickness ratio of 28). As the radius-to-wall-thickness ratio becomes larger, the beneficial effect of the surrounding medium on shell motion increases,
II. ONE-DIMENSIONAL MOTION OF A THIN SPHERICAL SHELL .
Consider the spherical shell segment shown in Fig. 1 . The shell thickness is denoted by h, its average radius by R, and its density by p. The driving pressure on the interior wall is a function of time denoted by P(t). For spherically symmetric motion, the balanced biaxial stress is denoted by u and the radial displacement by u. Within the thin-shell approximation, the equation of motion in the radial direction is c&l +*. P(t).
(1)
Hooke's law for biaxial stress is E '=EE* (2) where E and v denote Young's modulus and Poisson's ratio, respectively, and e denotes the biaxial strain (t = u/R). A combination of Eqs. (1) and (2) 
4)
, where w is the initial radial displacement and&is the initial radial velocity.
Consider a spherical shell acted upon by the rectangular pressure pulse ihatrated in Fig. 2 . The magnitude of the internal pressure pulse is POand ita duration is AT. The solutions for zero initial conditions (W = & = O), obtained from U. The solution for a purely impulsive load, that is, a load applied over a very short time period, may be obtained from Eq. (6) by assuming that AT, the duration of loading, is much smaller than T = 2z/u, the vessel's natural vibration period. For an impulsive load, Eq. (6) reduces to
where
is the specific impulse of the loading. From Eq. (7), the maximum strain induced by an impulsive load may be written as (8) Equation (8) is true for any shaped pressure pulse as long as the loading duration is small, that is, the maximum strain is only a function of the applied impulse. However, when a pressure pulse is applied over a time period that is not small compared to T, the maximum strain induced in the shell depends upon both the pressure pulse shape and the total impulse. This feature is illustrated by again considering the motion of a spherical shell excited by the application of a rectangular pressure pulse. From Eqs. (5) 
If f~ax(uAT) represents the maximum can be expressed, from Eq. (9), as
value of f(ut, uAT) as time varies, the maximum strain 1.
(lo)
Equation (10) gives the maximum strain occurring in the shell as a function of the specific impulse, I, and the loading duration, AT. The form of the function f~..(wAT) can be determined from Eq. (9) for a rectangular pressure pulse. This function, plotted in Fig. 3 , indicates the sensitivity of the peak strain in a spherical shell to the loading duration of a rectangular pulse. The maximum strain occurring in the shell decreases rapidly for loading durations greater than T/4. The above derivation, carried out for the triangular pressure pulse shown in Fig. 2 , also leads to Eq. (10) with, of course, a different expression for f~,X(uAT). This expression is also plotted in Fig. 3 . Comparing the two curves in Fig. 3 gives an idea of the sensitivity of shell response to pulse shape.
Summarizing the results, we note that the maximum circumferential strain is proportional to the applied impulse and inversely proportional to the wall thickness, the square root of the density, and the square root of twice the biaxial stress modulus, E/(1 -v), as indicated by Eq. (10). The maximum circumferential strain is also proportional to f~,x(~AT), which accounts for the finite duration of the loading pulse. The function f~.x a ( AT) is different for pressure pulses of different shapes, and it is equal to unity for impulsive loadings. For loadings of longer duration, f~,X (uAT) may be considerably less than unity, Thus, Ioadings of equal impulse may produce completely different peak strains. For a particular type of explosive charge, the loading duration depends upon both the relative size of the charge and the properties of the filler material that transmits the pressure pulse. Much useful information has been developed by scaling the blast-wave effects from explosive sources. For blast-wave effects in air at uniform initial conditions, the Hopkinson scaling law is used widely and is known to correlate experimental data accurately over a wide range of scaled distances.' To correlate blast-wave data from tests conducted with different initial conditions, for example, at different atmospheric pressures, Sach's scaling law usually is used.3 A scaling law for vessel response can be developed by combining blast-wave scaling with equations describing the elastic motion of spherical vessels,
In this section, a scaling law for vessels is developed by assuming that the blast-wave pressure pulse applied to the vessel wall can be characterized to sufficient accuracy by two parameters, the total impulse, I, delivered to the wall and the pulse duration, AT. In this development, only the initial loading pulse is considered. For the analyzed configurations, subsequent loading pulses caused by wave reflections from the center of symmetry occur later in time and do not affect the vessel motion during the initial cycle, Expressions for I and AT are derived by following the arguments used to derive Sach's scaling law. The impulse delivered to the vessel wall is assumed to be a function of the vessel's internal radius,~; the energy released by detonation, W; and the properties that describe the filler material in the vessel. For the filler material, the initial density pOand the initial sound speed COmay be used to specify the state. The functional relation is I = f, (~, W, p., CO).Also, we may assume that the loading duration depends upon the same set of variables; that is, AT = f~(~, W, pO,CO),If dimensional analysis is applied to these two functional relations, they may be written as 
In Eqs. (1)- (10), which relate to the dynamics of a spherical shell, R denotes the average shell radius. In Eqs. (11) and (12) , which relate to blast waves,~represents the vessel's internal radius. To simplify the following analysis, R, will be approximated by the average vessel radius, R, where R is the average of the inside and outside vessel radii. This simplification introduces an additional approximation into the preceding equations describing blast waves. For thin-wall vessels, this approximation is accurate; however, for vessels with thicker walls, serious inaccuracies may result. In the present program, the test vessel with the thickest wall has an average radiusto-wall-thickness ratio of about 14. At this ratio, approximating the inside radius by the average radius introduces an error of about 4% into the radial dimension. If Eq. (3), the expression for the vessel's natural frequency, is used with Eq. (12), an expression for the product uAT can be written as (13) Equations (11) and (13) now may be used to eliminate I and COAT from Eq. (10), the expression for the maximum strain of a spherical shell, to give (14)
, Equation (14) is the general form of a scaling law for the containment of a spherical explosive charge of energy W by an elastic, spherical shell. For a specified vessel material, the constants referring to that material can be absorbed into the arbitrary functions, and the scaling law becomes .
I (15)
If all tests are conducted with the same initial sound speed in the filler material, for example, air at constant initial temperature, both unknown functions depend upon the same variable and can be combined into a single unknown function. Equation (15) two quantities are proportional. In this test series, the initial air density within the vessel was varied. The densities used were 1.0, 0.1, 1 X 10-8, and 5 X 10-5 kg/ins, as indicated in Fig. 4 . Strain gages mounted on the vessel walls were used to record the maximum strain. In Fig. 4 , the experimental data appear to be correlated adequately by the scaling law of Eq. (16). At this point in the analysis, the applicability of the scaling law rests upon its ability to correlate the data and not upon assumptions made during its derivation. However, although the scaling law variables span a wide range of values, only the density of the filler material (air) was varied over a range of several orders of magnitude in the experiments. The remaining variables spanned a much more restrictive range.
The straight line shown in Fig. 4 is a least squares fit to the nine data points. This line haa the equation This equation illustrates the slow variation of the maximum strain with a varying initial air density (~~.x = p~"'g). Note that the fit given by Eq. (17) is valid only for the data range indicated in Fig. 4 . As the air density in the vessel is decreased to zero, the maximum strain must approach some definite limit. Therefore, the exponent in Eq. (17) must tend toward unity as the density approaches zero. If all tests are conducted with the same filler material at equal initial densities, Eq. (16) can be written as
This form of scaling law has been proposed by T. Neal? He has demonstrated its validity for several filler materials and has used it extensively to organize experimental results.
IV. AMOUNT OF VESSEL MATERIAL REQUIRED TO CONTAIN A SPECIFIED CHARGE
Although the minimum amount of vessel material required to contain a specific charge is not usually the governing design criterion, there may be some interest in determining this value. Equation (17) can be used to indicate how the amount of vessel material varies with the vessel radius. A combination of Eq. (17) and the expression for the volume of material in a spherical shell,
can be written as
If~m~xis interpreted as the yield point strain of the vessel material (steel) in biaxial tension, Eq. (20) specifies the volume of steel required to elastically contain the first pressure pulse from a mass, M, of PBX-9404/9501 explosive. Figure 5 shows the volume of vessel material as a function of the radius-to-thickness ratio of the vessel for the special case of an 8.16-kg (18-lb) explosive charge with CmaX = 0.0011 and p. = 1.0 kg/ma, Figure 5 indicates the very slow variation in the amount of vessel material required to contain the dynamic load generated by the explosive as the radius-to-thickness ratio, R/h, is varied. The variation in material volume over the experimental range of 14< R/h S 28 is only about 3%. The total range plotted in Fig. 6 shows only q~o variation in material volume. Thus, the amount of material required to contain a specified charge in this range of configurations is essentially constant, However, very thin wall, large-radius vessels would make inefficient use of material, at least for blast-wave containment.
The above analysis applies only to the containment of the initial pressure pulse. The effect of subsequent pressure pulses is best treated by numerical calculations and is presented in Sec. VI. However, for long-term containment, the strain caused by the final static pressure also needs to be estimated. The static pressure can be estimated from the semiempirical formula' (21) where V is the internal volume of the vessel and C is a constant with a value of about 1.3 m3 MPa/kg for most solid explosives. The volume of vessel material required to contain the static pressure elastically can be estimated from Eq. (21) for the specific case illustrated in Fig. 5 . This material volume, also plotted in Fig. 5 , is independent of the radius-to-thickness ratio if the internal radius is approximated by the average radius of the vessel and the usual formula for equilibrium of a thin shell is used; The material volume required to contain the static load is only about 15% of that required to contain the initial dynamic load. 
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V. PRESSURE LOADING ON VESSEL WALLS
A. Calculation of Pressure Loading
To qualitatively understand the pressure loading on the vessel wall and to establish a predictive capability, computer hydrodynamic calculations of the motion of the explosive and filler material within the containment vessel were performed. In the calculations, spherical symmetry was assumed. The computer code used to perform them is based on a fairly common onedimensional, Lagrangian, finite-difference technique similar to the one described by Fickett.' Initially, the explosive is assumed to be burned completely, and the distribution of properties within the explosive products is determined from the Taylor similarity solution." In these calculations, the equation of state used to describe the explosive products"is the JWL equation.' The filler material considered here is either air or a perfect vacuum. Figure 6b , obtained from Fig. 6a , indicates some of this wave motion. Shock wave positions are indicated by dotted lines, The main shock, M, is followed by a secondary shock, S, which propagates inward relative to the moving explosive products. The secondary shock, formed because of the spherically diverging flow discussed by Brode,' produces a high-density region between the secondary shock and the air-explosive interface. This condition is illustrated in Fig. 7 , where the pressure and density distributions are shown at 40 KS,'shortly before the main shock reaches the vessel wall.
The main shock front reflects from the vessel wall at 53 KSand collides with the air-explosive interface at 63 JM, as indicated in Fig. 6b . At that point, part of the wave is transmitted into the explosive products, but, because of the high-density region, another, substantial part is reflected into the air. The reflected part impinges on the vessel wall at 70 gs. Therefore, we would expect to ..
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. see a second loading pulse applied to the vessel wall at this time. Figure 8 shows the calculated pressure pulse applied to the vessel wall for the first 200 gs, Here the initial pressure loading at 53 KSand the second pressure loading at 70 USare apparent. The shock wave that causes the second loading continues to rebound between the interface and the vessel wall, but additional pressure pulses caused by its subsequent reflections are of negligible amplitude for this example. The pressure on the vessel wall continues to drop until the main shock front is reflected from the center of symmetry and propagates out to the vessel wall. The reflected wave arrives at the vessel wall at 240 MSand produces the second major loading pulse, Figure 9 shows the arrival of the second major loading pulse as well as several subsequent major loading pulses. A doublepeaked structure caused by a wave reflection from the air-explosive interface is apparent within each major loading pulse.
A change in the relative size of the explosive charge changes the shape of the pressure pulse applied to the vessel wall. The pressure pulse illustrated in Fig. 8 was generated by an explosive charge whose radius was 7~0 of the vessel radius. Figure 10 shows how the shape of the first major loading pulse changes as the size of the explosive charge changes. With a charge that is 14% of the Calculated pressure pulses for variom size explosive charges.
14 vessel radius, the second pressure pulse, caused by the reflected wave, is larger than the initial pressure pulse, caused by the arrival of the main shock front.
B. Comparisons of Measured and Computed Pressure Histories
Comparisons between measured and numerically calculated pressure pulses are illustrated in Figs. 11, 12 , and 13. For the two tests conducted with the vessel containing air at normal density, Figs. 11 and 12 , a good qualitative agreement is indicated between measurements and calculations. However, the calculated pressures appear to be quantitatively higher than the measurements, For the calculation of an evacuated vessel, Fig. 13 , complete air evacuation was assumed. For this experiment, however, an initial air pressure of about 100 Pa existed in the vessel. The calculations indicate that a high-pressure spike arrives at the vessel wall before the main pressure pulse. This pressure spike is quite high in magnitude but short in duration and may be an artificial result of the numerical method. The experimental records show some high-frequency, high-pressure pulses; these are attributed to an air shock, since the vessel is not completely evacuated. Because the pressure-gauge response is not sufficient to resolve this high-frequency behavior at the beginning of the pressure pulse, the initial high-frequency data have been ignored in the measured pressure pulse of Fig. 13 . Aaide from the very early data, which may not be significant with respect to the vessel response, a good qualitative and quantitative agreement exists between measurements and calculations. 
Fip. 12. Comparison of measured and calculated pres-
Comparison of measu~ed and calculated pressure acting on the vessel wall (parameters insure acting on the vessel wall (38. l-mm -diam dicated in Fig. 6a). explosive charge, other parameters indicated in Fig. 6a ).
VI. RESPONSE OF VESSELS TO BLAST LOADING
A. One-Dimensional Vessel Response The equation of motion of a thin spherical shell, Eq. (3), can be solved for any pressure loading by numerical integration. Figure 14 shows the resulting strain history obtained by integrating Eq. (3) for the pressure loading illustrated in Figs. 8 and 9 . The first major loading pulse lasts about 50 ps and initiates the sinusoidal motion of the vessel wall. If no other pressure pulses were applied to the wall, the vessel would continue to oscillate at constant amplitude in the onedimensional case. However, the second major pressure pulse arrives at the vessel wall at about 220 Ks, when the vessel wall has expanded but is moving inward. Therefore, the second major pressure pulse opposes the motion of the vessel wall and reduces the oscillation amplitude. For the calculation illustrated in Fig. 14 , the decrease in the oscillation amplitude caused by the arrival of the second pressure pulse is approximately 40%. Subsequent pressure pulses increase the oscillation amplitude again; the amplitude at 1 ms is about 75% of the initial value. Figure 14 indicates the relative importance of the various pressure pulses that dynamically load the vessel wall. From these calculations, we find that the second major loading pulse causes a reduction in the oscillation amplitude for PBX-9404 charges whose radii are between 7% and 14% of the vessel radius. Other cases have not been explored. Figure 15 shows a small-scale test vessel used to measure pressure and strain. Tests recently have been conducted with two slightly different vessels, the thin-wall vessel (6.35-mm wall) illustrated in Fig. 15 and a thick-wall vessel (10.6-mm wall). The thick-wall vessel is similar in design to the thin-wall vessel, but the flanges are considerably larger. Both vessels vibrate -.
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.. primarily in a two-dimensional mode. When the inside of the vessel wall is loaded by a spherically symmetric pressure pulse, the wall motion in the strain-gage area will be one-dimensional until a disturbance arrives from the flanges. From that time, the motion will be mainly twodimensional. It takes about one-half period of the vessel's natural vibration for a wave to propagate from the flange area to the strain-gage area, so we would expect to observe a true onedimensional motion at the strain gages for about the first half-cycle of vibration. For these test vessels, a valid comparison between calculated strains based on the assumption of spherically symmetric motion and measured strains can be made only for the first 60 gs of motion.
Figures 16, 17, and 18 compare the calculated and measured strain histories. Figure 16 shows the response of the thin-wall vessel to the detonation of a 25.4 -mm-diam PBX-9404 charge when the vessel is filled with air at normal conditions. Comparing only the first strain pulse because the following motion will be perturbed by two-dimensional effects, we see that the calculated first peak strain is about 20% higher than the average of the four strain-gage measurements. However, the calculated value agrees quite well with strain-gage measurements 1 and 4. Figure 17 shows the response of the thick-wall vessel to the detonation of a 38.1 -mm-diam PBX-9404/9501 charge when the vessel is filled with air at normal conditions. Again comparing only the first strain pulse, we see that the calculated peak is about 40Y. higher than the average of the strain-gage records, although the calculated value agrees quite well with gage records 3 and 4. Figure 18 shows the calculated and measured strains resulting from the detonation of a 25.4 -mm-diam charge in a vessel that has been evacuated to about 100 Pa. The agreement between calculated and measured first peak strains is about 5% for all gages. In this test, the first peak strain was not indicated clearly by gage record number 1.
Generally, these calculations give reasonable estimates of the first peak strain amplitude. Even better estimates of the pressure loading and, therefore, better quantitative agreement between measured and calculated peak strains might be obtained by using calculations based upon extensively calibrated equations of state for both the explosive products and the air. -----------------------.... ..................". . . . . . . . . . . . . . . . . . . .. . ..+....+. . 
B. Two-Dimensional Vessel Response
As indicated above, the motion of these test vessels is primarily two-dimensional (axially symmetric) because of the relatively large flanges, which induce significant axially symmetric perturbations to the spherical motion. Waves originating in the flange area converge at the spherical shell's poles, where the strain gages are mounted. The convergence increases the strain amplitude at the strain-gage location from two (thin-wall vessel) to five (thick-wall vessel) times the initial strain amplitude. This amplitude increase can be seen in the strain records of Figs. 16 and 17 .
To predict this fairly complicated motion, a two-dimensional analysis is required, Given the proper loading conditions, finite-element codes should be able to adequately simulate vessel response. By comparing these gage data with computational results we can assess the applicability of finite-element codes to dynamic pressure vessel design problems. The ADINA9 finite-element code was chosen for this analysis because of its availability. Figure 19 shows the finite-element models, in the cylindrical coordinates R and Z, that were used to represent both thin-wall and thick-wall vessels. In the calculations, the shell structure of the vessel was represented by only one element across its thickness. The type of element used was the eightnode, axially symmetric element, A minimum number of elements was used to represent this vessel in the two-dimensional analysis because interest eventually will lie in analyzing threedimensional vessels and extension to the three-dimensional problem then will not lead to decreased resolution. Figure 20shows the results of two ADINA code calculations for the motion of the thin-wall test vessel subjected to the internal pressure loading illustrated in Figs. 8 and 9 (a 25.4-mm -diam explosive charge in an air-filled vessel). The results are the values of circumferential strain occurring at the center of the outside surface of the element near the hemisphere pole, where the strain gages are bonded to the vessel. In the fixed-flange calculation, we assumed that the flange bottom remained in contact with the symmetry plane (z = o); see Fig, 19 . In the free-flange calculation, we assumed that the flange was free to move off the axis of symmetry. Because the flanges are held together by 24 equally spaced bolts, the true boundary condition to which the flange is subjected lies somewhere between these two extremes. From the results shown in Fig. 20 , we can conclude that the strain history at the vessel poles is a strong function of the boundary conditions applied to the flanges. This sensitivity has been indicated by App and Snell.'O Figure 21 shows a comparison between the free-flange calculation of Fig. 20 and a strain-gage measurement. The agreement is fairly good, especially if we consider that a calculated pressure loading was used as input and that a very coarse zoning was used. Notice that the strain-gage measurement is saturated at about 550 ys, about the time when the calculated strain reaches its absolute maximum. A linear elastic analysis was used in ADINA because the strain amplitude was relatively low. A comparison between the fixed-flange calculation, Fig. 20 , and the straingage measurement, Fig. 21 , shows relatively poor agreement, Because the flange on the thin-wall vessel is relatively thin, we expect the free-flange calculations to agree with the experiment better than the fixed-flange calculations agree. Figure 22 illustrates the results of an ADINA calculation for the thick-wall test vessel motion caused by the detonation of a 38.1 -mm-diam explosive' charge in an air-filled vessel. Shown are the initial configuration and the displaced configuration at 80, 130, and 200 KSafter application of the loading pulse. The displacement has been multiplied by 200 to make the motion visible. The initial corner position of each element is indicated by a dot. At 80 ps, we see both the perfectly spherical motion of the vessel's upper portion and a wave propagating from the flange toward the vessel pole. After 130 As, the motion is far from spherical, and there is significant bending motion in the vessel. Figure 23 shows the agreement between measured and calculated strain at the strain-gage locations. The calculation was performed with the fixed-flange boundary condition. Because the thick-wall test vessel has a massive flange, the fixed-flange condition should represent the physical configuration somewhat better than the free-flange condition does. An elastic-plastic material model was used because the strains attain a fairly high level, The yield strength, which was used in the von Mises yield criterion, was taken as 207 MPa. A work hardening modulus of 20.7 GPa was used in the isotropic hardening model of ADINA. This value is 10% of Young's modulus. Agreement between calculated and measured strain is good. However, a phase shift occurs at about 500 US; shift. 
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V. EFFECT OF SURROUNDING MEDIA ON VESSEL REPONSE
When a spherical shell is surrounded externally by a medium of significant density, the motion of the shell couples with the motion of the surrounding material, In this section, we attempt to estimate the effect of this coupling by analyzing the response of a spherical shell embedded in a fluid medium and impulsively loaded. The shell's equation of motion is d2u fl ,.2u=Ef# ,
where P(t) is now the net internal pressure acting on the shell, that is, the difference between the internal pressure, PIN, and the external pressure, PEX,
The surrounding medium, which is assumed to be infinite in extent, is governed, for an inviscid, compressible fluid, by the wave equation (23) where r is the radial coordinate, Cr is the sound speed in the fluid, and @is the velocity potential function, @(r,t). The pressure, P, and particle velocity, Vf, within the fluid are expressed in terms of the velocity potential by (27) Equation (27), which applies to spherically symmetric shell motion, was used to compute the maximum strain occurring in the shell as a function of each surrounding material that we considered. Table I Table II shows that the peak strain in this vessel can be reduced substantially by embedment in these materials. In particular, burial in concrete reduces peak strain nearly yo~o, Strength, cavitation, and reloading ("water hammer") effects are not considered in these results. Further, the results are based upon an infinite surrounding medium, that is, material extending sufficiently far that no signals return from boundaries during the vessel's significant response time. Obviously, some materials, particularly limestone, may" not be practical from a fabrication standpoint.
Finally, the influence of the radius-to-thickness ration, R/h, for all surrounding media is indicated in Fig. 24 . As the shell becomes thicker, reduction in strain becomes smaller, as expected because the more massive shell is influenced to a lesser degree by the surrounding medium. As the shell becomes thinner, the surrounding medium plays as ever-increasing role.
VIII. CONCLUSIONS
The sensitivity of the peak strain to the shape of the blast-wave pressure pulse has been investigated in a spherical vessel undergoing one-dimensional motion. As expected, the peak strain decredses rapidly when the pressure pulse is spread over a time longer than about a quarter period of the vessel's natural vibration. A scaling law relating maximum strain to explosive charge mass and other relevant parameters has been derived and has been shown to correlate experimental data. The law includes the effect of the initial air density in the vessel; however, the maximum strain increases only slowly with increasing air density. Based upon this scaling law, we conclude that, for a wide range of radius-to-thickness ratios, the volume of steel required to contain a specified explosive charge varies only slightly with the ratio. This slight variation is such that extremely thin wall, large-radius vessels make inefficient use of vessel material. However, in addition to stress analysis criteria based on blast containment, other design criteria, such as fracture mechanics, may control the vessel's configuration. Details of the blast-wave pressure pulse delivered to the vessel wall, analyzed with a onedimensional, finite-difference code, show a fairly complex pulse structure. Calculated pressure loadings agree reasonably well with pressure gauge measurements. Vessel strain histories have been calculated with both one-and two-dimensional computer code8, and agreement between calculated results and strain-gage measurements is good. This result demonstrates the usefulness of these standard calculational techniques as design tools.
The effect of surrounding fluid media upon the response of impulsively loaded spherical vessels also has been estimated. A surrounding medium is most beneficial when the vessel has a large radius-to-thickness ratio.
The elastic response to explosive blast loading of containment vessels filled with air at arbitrary initial densities can be predicted with reasonable accuracy. Predictions can be based upon scaling-law fits to experimental data or, for greater detail, can be based upon finitedifference and finite-element computer code calculations. Future work will be directed toward a better understanding of the response of vessels containing compactable filler materials.
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